workhorse technique for learning about the proteins that drive biological structure and function. A deeper, richer analysis of the proteins present provides a more comprehensive understanding of the biological system under investigation. Bottom-up proteomics, wherein the peptides from an enzymatic digestion of proteins are analyzed by mass spectrometry, currently provides the most in-depth analysis, but there still exists a need for improvements that identify more peptides. These additional peptides may expand the list of identified proteins, or they may expand the sequence coverage of proteins, thereby revealing other proteoforms [1] (e.g., isoforms from alternative splicing, protein variants arising from genetic variation, and/or proteins with various posttranslational modifications [PTMs] ). Currently, approaches employed by researchers to increase coverage have included the use of longer chromatographic gradients and/or prefractionation methods, customized proteomic databases that more closely reflect the sample being analyzed compared with generic databases, and peptide derivatization strategies to improve chromatographic characteristics and electrospray ionization behavior. The latter approach addresses the issue that in many cases, peptides remain unobserved because of their chemical composition (sequence), which can cause poor chromatographic elution, poor ionization, and/or poor fragmentation. We have previously reported a robust and efficient derivatization chemistry for the modification of protein or peptide carboxyl groups with tertiary or quaternary amines [2] . These added amines impart increased charge during positive mode electrospray ionization mass spectrometry. In the present work, we evaluate the utility of this chemistry for increasing performance of electron transfer dissociation (ETD) for peptide fragmentation.
It is well known that ETD is particularly ineffective for the dissociation of peptide dications (z = 2) [3] [4] [5] [6] . Consequently, it is common to pair ETD-MS with an alternative enzyme such as endoproteinase LysC instead of trypsin, as LysC gives rise to longer peptides with correspondingly larger charge states. However, LysC still produces more peptides with z = 2 (40 % of the total) than any other charge state [7] , and even though LysC produces more peptides with charge states of z 9 2, not all such peptides are equivalent in their propensity to yield a quality fragmentation spectrum. We have shown that the percent fragmentation and probability of identification, following ETD, correlates inversely with the residues/charge ratio, which can be approximated by the precursor m/z [5] . The reason behind this relationship is as follows. A precursor having a lower residue/charge ratio, or m/z, has a higher charge density, which causes increased repulsion between the c-and
• z-type fragment ions created by backbone cleavage after electron transfer. When Coulombic repulsion overcomes the noncovalent interactions between the two fragments, they separate and are detected at their respective m/z values. If the charge density is too low, the peptide fragments fail to separate after electron-induced bond cleavage, and only the charge-reduced precursor m/z value is observed, instead of the desired fragmentation products. This phenomenon is referred to as electron transfer without dissociation, or ETnoD [8, 9] .
A few methods have been developed to increase the dissociation of the c-and
• z-type fragment ions that are created from ETD of unmodified peptides. These approaches typically work by activating the peptide (i.e., increasing its internal energy), either before or after the electron transfer occurs. Some success has been shown with both collisional [10] and IR activation [11] for peptides in low charge states. That said, these tactics would be unnecessary if all precursor ions had charge states 92 and low m/z values.
Researchers have devised several strategies for increasing the charge states of peptides and proteins to improve their analysis by mass spectrometry. One technique involves changing the electrospray conditions with solvent additives [12] [13] [14] , but a more common strategy is chemical derivatization. The most common derivatization reagents are N-hydroxysuccinimide (NHS) esters because of their compatibility with aqueous solvents, their availability, and the simplicity of the reaction. NHS esters react with amine functional groups (N-termini and lysine side-chains) on peptides and proteins, which has the drawback of eliminating native protonation sites, but this is usually counteracted by designing the modifying reagent with a replacement charging site or a fixed positive charge [15] [16] [17] [18] [19] [20] [21] [22] . Others have modified amino groups by alkylation with aldehydes, which preserves the charge sites [2, [22] [23] [24] [25] [26] [27] [28] [29] . Another easily-derivatized group is the thiol on the side-chain of cysteine residues [30] [31] [32] [33] [34] , and two research groups have taken advantage of this to increase the charge states and ETD efficiency of peptides [35, 36] . Reid et al. have converted methionine side-chains into fixed charge groups by alkylation to sulfonium groups [37] . Targeting these sulfurcontaining residues is limited by the fact that most peptides do not contain a methionine or cysteine residue. However, carboxyl groups occur nearly universally on all peptides at the C-terminus and also on the side chains of the relatively abundant residues of aspartic and glutamic acid. Furthermore, carboxyl groups are neutral during typical positive-mode ESI-MS and so attaching basic groups or fixed-positive charges can increase peptide charge states substantially.
A few researchers have derivatized carboxyl groups on peptides to increase charge states during LC-MS [38] [39] [40] [41] [42] . All have employed essentially the same derivatization strategy, first developed by Lu and co-workers, namely using the carbodiimide EDC along with HOAt in DMF solvent (EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOAt: 1-hydroxy-7-azabenzotriazole, and DMF: dimethylformamide) [38] . Lu attached pyrimidyl piperazine groups to enhance ionization of standard phosphopeptides by MALDI and ESI, and then showed that the increase from +1 to +2 precursors allowed fragmentation by ETD [39] . However, fragmentation was still not particularly efficient for these dication precursors for the reasons described above. Ko and Brodbelt derivatized model peptides, as well as those from a tryptic digest of the small protein cytochrome c, by attaching basic or fixed-charge groups to the peptide carboxyls [42] . They thoroughly analyzed the charge states and ETD fragmentation efficiencies, both of which increased substantially for the modified peptides. Despite efforts to optimize the EDC/HOAt/DMF chemistry, they reported that labeling was incomplete and dependent on the peptide sequence; they estimated the reaction efficiency as ≥70 % of the C-terminal carboxyls, but much lower and less consistent for the aspartic acid and glutamic acid side-chain carboxyls.
The completeness of the labeling reaction becomes increasingly important with increasing sample complexity. This is because unmodified and/or partially-modified peptides exist as separate chemical entities with different retention times and masses than the desired fully-modified molecules. Incomplete labeling can easily double or triple the number of species in the mixture, which may be acceptable for simple peptide mixtures but not for proteomics of complex samples where instrument bandwidth already limits the number of peptide identifications. In addition, the database searching aspect of identifying peptides and proteins from complex samples is hindered when it includes too many dynamic modifications, but nearly complete derivatization will allow the use of static (or fixed) modifications during database searching. Thus, for derivatization to be most effective on real-world samples, the labeling reaction efficiency should be very high, and this is more difficult to achieve for the less-reactive carboxyl groups than for amino or thiol groups.
We have developed a derivatization method that yields nearly complete derivatization of all carboxyl groups (Asp, Glu, and C-termini) on small proteins or peptides ( Figure 1 ) [2] . In this 2-step reaction scheme, the native amino groups are first protected by methylating them with formaldehyde, a modification reaction already employed for multiple purposes in proteomics because it leaves the amino groups available as protonation sites [23] [24] [25] [26] [27] . The second step is an amidation reaction, whereby the peptide carboxylic acids are converted to tertiary or quaternary amine groups. The fact that the relatively abundant amino acid residues of Asp and Glu are modified, in addition to the C-termini, leads to substantially higher charge states after derivatization. In prior work, we employed this chemistry to generate highly charged intact proteins by positive-mode electrospray ionization [28, 43, 44] . Here, we apply it to complex mixtures of peptides, specifically a tryptic digest of a large protein, bovine serum albumin, and a tryptic digest of purified yeast ribosomal proteins. In both cases, the higher charge states afforded by derivatization lead to dramatic improvement in ETD fragmentation and consequently increased protein identifications and sequence coverage.
Experimental

Reagents and Materials
Bovine serum albumin (BSA) and two test peptides, neurotensin, and DAENLIDSFQELV were purchased from Sigma-Aldrich (St. Louis, MO, USA); the other two standard peptides, SDEEEAIVAYTL and EQKLISEEDL, were obtained from Anaspec (Fremont, CA, USA). All reagents, solvents, acids, and buffers were obtained from Sigma-Aldrich unless specified otherwise. (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from Applied Biosystems (Foster City, CA, USA). The tertiary amines used as labeling reagents were purchased in their free-base forms: 3-(dimethylamino)-1-propylamine (C3-methylTert); 5-(dimethylamino)-amylamine (C5-methylTert; Matrix Scientific, Columbia, SC, USA); N,Ndiethyl-1,4-butanediamine (C4-ethylTert; Alfa Aesar, Ward Hill, MA, USA); N,N-diisopropyl-1,5-pentanediamine (C5-isopropylTert; Alfa Aesar); 4-(2-aminoethyl)pyridine (C2-pyridine' Alfa Aesar); 4-(2-aminoethyl)morpholine (C2-morpholine; Aldrich); and 4-(3-aminopropyl)morpholine (C3-morpholine; Alfa Aesar). These amines were converted to their mono-or di-hydrochloride salts by the drop-wise addition of a stoichiometric amount of 1 M HCl in ether while stirring in an ice bath. The ether solvent was removed from the solid products by rotary evaporation; then acetone was added and subsequently removed by rotary evaporation. (Note: di-hydrochloride salts were used for the alkyl tertiary amine reagents, but mono-hydrochloride salts were used for the less basic functional groups, morpholines and pyridine, in order to yield optimal peptide labeling [2] .) The quaternary amine, (4-aminobutyl)trimethylammonium dichloride (C4-quat), was synthesized as reported previously [28] .
Preparation of Ribosomal Protein Sample
Purification of yeast ribosomes was adapted from published reports [45, 46] . Briefly, the YIT613 strain of Saccharomyces cerevisiae (a gift from Dr. Toshifumi Inada of Nagoya University) was grown, and then yeast cells were harvested at an OD 600 of 0.8. Ribosomes were isolated using an ANTI-FLAG M2 Affinity Gel column (Bio-Rad, Hercules, CA, USA) and eluted using FLAG peptide (synthesized at the Biotechnology Center at the University of Wisconsin). Ribosomes were subsequently concentrated by ultracentrifugation, and then ribosomal proteins were isolated from ribosomal RNA using a 66 % acetic acid wash and acetone precipitation.
Protein Digestion and Peptide Derivatization
The BSA and ribosomal proteins were dissolved in 8 M urea/25 mM NH 4 HCO 3 , reduced with DL-dithiothreitol (DTT), alkylated with iodoacetamide (IAA), diluted 10-fold with 25 mM NH 4 HCO 3 and then digested overnight at 37°C with porcine trypsin (Promega, Madison, WI, USA) at an enzyme:protein ratio of 1:50. The digested samples were purified using C18 solid-phase extraction columns (1 cc/ 50 mg SepPak; Waters, Milford, MA, USA).
Standard peptides or those from tryptic digestion of protein samples were derivatized first at their amino groups and subsequently at their carboxyl groups, as reported in our previous Methods paper [2] . Peptides were dissolved, at a concentration of 2 mg/mL, in 50:50 methanol:H 2 O containing 40 mM formaldehyde (HCHO), 60 mM borane-pyridine complex, and 50 mM 4-methylmorpholine (NMM), which maintains the appropriate basic pH for the reaction. After reacting at room temperature for 1-2 h, the mixture was evaporated to dryness in a vacuum centrifuge. The resulting dimethylated peptides were dissolved in dimethyl sulfoxide (DMSO) at 1.5 mg/mL. The mono-or dihydrochloride salt of the desired amine labeling reagent and 4-methylmorpholine (used to buffer the pH) were dissolved in a minimal amount of water (e.g., 30 μmol of amine salt and 2.6 μL of NMM in 5-8 μL of water for a 100 μg batch of peptides in 67 μL of DMSO). The peptide/DMSO solution was added to the aqueous amine/NMM solution and mixed to yield final concentrations of 450 mM amine and 350 mM NMM. Solid PyAOP, which activates the carboxyl groups, was added to a concentration of 60 mM, and the reaction was allowed to proceed for 2 h at room temperature before quenching by adding aqueous 0.1 % formic acid such that the DMSO was diluted to 5 % (vol/ vol). The quenched reaction was extracted twice with chloroform to remove reaction byproducts, and the aqueous layer was dried in a vacuum centrifuge, followed by resuspending the solid products in 0.1 % TFA and desalting on a C18 solid-phase extraction column.
While all of the results reported in this paper made use of the reaction conditions above, certain precious samples may require the use of lower peptide concentrations. We performed one experiment with the test peptide neurotensin at 40-fold lower concentration and found that derivatization under these conditions was just as complete (999 %, data not shown). Note that only the peptide concentration was lower; it is important to maintain high concentrations of all other reagents.
Mass Spectrometry and Data Analysis
Unlabeled and labeled samples of the individual test peptides were analyzed by direct infusion into the electrospray interface of a Bruker micrOTOF mass spectrometer. The mass spectra were analyzed manually to find the peak intensities for all charge states of the completely derivatized product and any underivatized or partially-derivatized products. These values were used to calculate the efficiency of the labeling reactions and the average charge states for the test peptides, as reported in Table 1 . A similar data analysis was performed for the BSA tryptic peptides listed in Table 1 , but those mass spectra were acquired by LC-MS on a different instrument (see next paragraph). More specifically, the average charge state values were calculated by manually analyzing full scan MS1 spectra for the BSA tryptic peptides listed in Table 1 . The labeling reaction efficiencies for these peptides were calculated using LC-MS peak areas from the extracted ion chromatograms obtained at the theoretical masses of the fully-, partially-, and underivatized peptide products.
The unlabeled and labeled tryptic digests of BSA were injected into a capillary HPLC-ESI-MS/MS system consisting of a Waters nanoAcquity HPLC (Milford, MA, USA) connected to an electrospray ionization (ESI) ion-trap/Orbitrap mass spectrometer (LTQ Orbitrap Velos; Thermo Scientific, San Jose, CA, USA). The BSA digest samples (0.9 pmol in 9 μL of 0.1 % formic acid, 1.5 % acetonitrile) were loaded for 12 min at 1.5 μL/ min onto a trapping column prepared by packing 5 cm of 5 μm-diameter 300 Å-pore C18 beads (Western Analytical Products, Murrieta, CA, USA) into a 100×365 μm fused silica capillary having a frit at one end. The analytical column (100×365 μm) was packed with 10 cm of the same C18 beads, but instead of packing against a frit, the capillary tip was pulled to~1 μm with a P-2000 laser puller (Sutter Instruments, Novato, CA, USA). Peptides were eluted at 0.2 μL/min in an aqueous mobile phase containing 0.1 % formic acid with a gradient of increasing acetonitrile (1.5 %-35 % in the first 60 min, increasing to 70 % in the next 6 min). A full-mass scan (150-2000m/z) was performed in the Orbitrap at a resolution of 60,000. The six most intense peaks with z91 from the full scan were selected for fragmentation by ETD, employing 3.5×10 5 fluoranthene reagent ions and 5×10 4 precursor ions with a reaction time of 50 ms. Higher charge states generally require shorter ETD reaction times, but the outcome of experiments in this paper were not particularly sensitive to reaction time- 35, 50 , and 70 ms were tested, and 50 ms was nearly optimal for both labeled and unlabeled peptides. The isolation width for the precursor ions was 2.0m/z, and the product ions from fragmentation were analyzed in the Orbitrap detector at a resolution of 7500. Dynamic exclusion was enabled with a repeat count of two over 20 s and an exclusion window of 60 s.
The unlabeled and labeled tryptic digests of ribosomal proteins were analyzed in the same manner as the BSA digests with the following differences. The amount injected was approximately 0.06 μg of ribosomal protein digest, as estimated by a BCA assay (Pierce, Rockford, IL, USA). During the sample-loading step (30 min at 0.5 μL/min, 2 % acetonitrile, 0.1 % formic acid), effluent from the trapping column was sent through the 15 cm analytical column (3 μm MAGIC aqC18 beads; Bruker-Michrom, Auburn, CA, USA) and analyzed by MS. Gradient elution employed a flow rate of 0.3 μL/min in 0.1 % formic acid with increasing acetonitrile (2 %-8 % in the first minute, up to 30 % over the next 120 min, and increasing to 70 % over the next 10 min). The ten most intense peaks with z 9 2 were fragmented by ETD (4×10  5 reagent ions, 1×10   5 precursor ions, reaction time 50 ms) using an isolation width of 2.5m/z. Dynamic exclusion used a repeat count of three over 30 s and an exclusion time of 120 s. Note that z = 2 precursors were excluded for this more complex ribosomal sample to maximize time spent on z 9 2 precursors, which have a higher probability of generating a peptide identification from an ETD spectrum; whereas z = 2 precursors were included for the relatively less complex BSA digest sample because there is sufficient time in that case to analyze all peptide precursors. The mass spectra from the tryptic digest samples were searched against the appropriate organism protein databases from Uniprot (Bos taurus for BSA, downloaded 10/26/2009; S. cerevisiae for yeast ribosomes, downloaded 5/5/2011) using the SEQUEST algorithm of Proteome Discoverer (Thermo Scientific). Mono-isotopic masses were used for both precursor and fragment ions with tolerances of 15 ppm and 0.06 Da, respectively (except that the fragment tolerance was 0.1 Da for the ribosomal samples). The searches allowed for up to two missed trypsin cleavages. The results were filtered using a 1 % peptide false discovery rate (FDR). Variable methionine oxidation (+15.995 Da) and static carbamidomethylation of cysteines (+57.021 Da) were used in all searches. All labeled samples were searched with static dimethylation of the N-termini and lysines (+28.031 Da). Also, the following static modifications were employed at the C-termini and all aspartic acid and glutamic acid residues for data acquired from the correspondingly labeled samples: 
Results and Discussion
Labeling Efficiency
The peptide derivatization reactions employed in this work proceed nearly to completion, thereby minimizing any increase in sample complexity that would result from multiple incomplete reaction products for each peptide. The dimethylation of primary amines (Lys and N-termini) with formaldehyde and a reducing agent has been reported by us and others to be essentially complete [2, 23, 27, 28] . Note that dimethylation is a necessary first step because it prevents the native peptide amino groups from reacting with the peptide carboxyl groups that are activated by PyAOP during the second step. The second reaction, amidation of peptide carboxyls (Asp, Glu, and C-termini), is a more difficult reaction to drive to completion, but excellent labeling efficiencies were achieved with the reaction conditions reported in the Experimental section. Table 1 lists the results from amidating several different peptides with a selection of different amines. For example, the test peptide neurotensin (pyroELYENKPRRPYIL) gave Lower case bold letters are used in the sequence to indicate the residues with amidated carboxyl groups. (Note that all N-terminal and lysine-side-chain amino groups are dimethylated, but those modifications are not highlighted in the sequences) a For these three peptides, the peaks in the mass spectra showed predominantly +2 ions, no +3 ions, and only very minor levels of +1 ions; however, the instrument was not tuned to give good intensity for the high m/z +1 ions. Thus, the average charge states are less than 2, but a more precise value is not known b Four random example peptides, rather than all observed peptides for the BSA digest ≥98.7 % reaction efficiency for each of the eight different amine labels. Note that this reaction efficiency is calculated as the percentage of carboxyl groups on the peptides that were successfully derivatized. One may also wish to know the percentage of peptides that were completely modified. For example, a peptide with two, three, or four carboxyl groups would yield 97.6 %, 96.4 % or 95.3 % of completely modified peptides, respectively-calculated from (0.988) n where n is the number of carboxyls and 98.8 % is the average reaction efficiency from all of the peptides listed in Table 1 .
The high reaction efficiency per carboxyl group appears to be independent of the number of carboxyl sites, their position within the peptide, or the complexity of the peptide sample. Excellent efficiencies were obtained for all eight peptides shown in Table 1 , regardless of the number of carboxyls (ranging from two to five) and even when the carboxyl-containing residues were clustered within the peptide (e.g., SdeeeAIVAYTl). Table 1 also lists results from amidation reactions performed on a more complex sample mixture, a tryptic digest of bovine serum albumin (BSA). The reaction efficiencies for the BSA peptides were mostly 998 %, demonstrating that the amidation reaction proceeds nearly to completion even for complex peptide mixtures. These very high reaction efficiencies are important for proteomics of real-world samples because they minimize the increase in sample complexity and also allow the use of static modifications during database searching.
Charge States and Signal Intensity
The peptide charge states observed for positive-mode electrospray ionization increase substantially upon derivatizing the peptides at their carboxylic acid sites with tertiary or quaternary amines. An example is shown in Figure 2 for the peptide DAFLGSFLYEYSR from a tryptic digest of BSA. The ESI-MS spectrum for this peptide in its unmodified form shows only the +2 charge state, whereas the C4-quat amidated version of this peptide yields predominantly +4 ions, some +5 ions, and a small number of +3 ions. The weighted average charge state for this peptide increased from 2.0 to 4.4 upon modification at its three carboxyls: aspartic acid (D), glutamic acid (E), and Cterminus. The spectrum for the C5-methylTert amidated peptide is similar to the C4-quat one, but it has a slightly smaller +5 peak and thus a weighted average charge state of 4.3. Table 1 lists the weighted average charge states for numerous other modified peptide examples, and in all cases a substantial increase in charge state is observed.
Another potential benefit of modifying peptides with tertiary or quaternary amines is improved signal intensity. The spectra in Figure 2 provide an example of this effect because the y-axis intensity value increased by more than an order of magnitude after peptide modification. Note that we have observed an intensity increase upon modification for many, but not all, peptides. The additional signal may arise from a few possible factors. One likely factor is an improvement in ionization efficiency during ESI attributable to the chemical modifications of the peptide. Another is that the mass-to-charge ratio is lower for the more highly charged modified peptides, and the mass spectrometer transfer and detection efficiencies may be greater in this m/z range. A third factor that likely plays a role for some peptides is a decrease in peptide hydrophobicity as a result of attaching additional positive charge sites. We have shown in other work that alkylating peptides with butyl or hexyl groups increases their hydrophobicity, making certain peptides more detectable by LC-MS [29] . In the current work, the decrease in hydrophobicity is demonstrated by the earlier elution times during reverse-phase LC for modified peptides (e.g., DAFLGSFLYEYSR elutes at 44.5 min for the C4-quat modified peptide and 47.0 min for the C5-methylTert modified peptide, compared with 60.3 min for the unmodified form). This unmodified peptide is near the high end of the suitable hydrophobicity range; its hydrophobicity index is 50.6 in SSRCalc (http://hs2.proteome.ca/SSRCalc/SSRCalcX.html) [47] . Appending charged amino groups makes it less hydro- , and C5-methylTert modified (bottom) samples of a BSA tryptic digest. The retention times (RT) for these spectra are listed, and the charge states of the peaks are labeled. Note that the small peaks in these spectra are not due to side products of the derivatization reactions. Rather, there are peptide oxidation peaks (multiples of +16 Da) present in the unmodified spectrum as well as the modified ones, and other miscellaneous peaks are due to other peptides that happen to partially co-elute with this DAFLGSFLYEYSR peptide phobic and increases its signal intensity (it is not known to what extent this is due to improved chromatographic elution and to what extent it changes the ionization efficiency). It is possible that some peptides having already low relative hydrophobicities will be rendered too hydrophilic by this type of chemical modification, although the high sequence coverages observed below for BSA indicate this is not a major problem. The magnitude of the charge state increase depends upon a number of factors. As might be expected, the predominant factor is the number of modification sites (i.e., more modifications lead to larger increases in charge state. The examples from Table 1 show average increases of 1.4, 2.2, 2.8, and 93.0 for peptides with 2, 3, 4, and 5 C4-quat modifications, respectively. Note that the charge state increase is never as large as the number of modifications even when appending the fixed-charge C4-quat group. This result is mostly due to Coulombic repulsion from the additional charges decreasing protonation of basic sites on the peptide, as has been discussed in detail for peptide and protein ionization [44, 48] . Other secondary factors influencing the observed charge state increase may include the number or density of native basic sites and their relative positions to each other and to the modification sites; an indepth analysis of these factors is beyond the scope of this paper. Another variable affecting the charge state increase is the type of functional group attached. The fixed-charge C4-quat group always shows the largest increase for a given peptide but, somewhat surprisingly, the aliphatic tertiary amines usually produce an equivalent increase-except for the cases involving five modified residues. These aliphatic tertiary amines (C3-methylTert, C5-methylTert, C4-ethylTert, and C5-isopropylTert) have a high gas-phase basicity, which makes them very likely to be protonated during ESI-MS. The morpholine and pyridine functional groups were chosen for their somewhat lower gas-phase basicities and, consequently, they do produce a smaller increase in charge state than the aliphatic tertiary and quaternary amines. Figure 3 shows the distribution of charge states obtained for the various unmodified and modified tryptic peptides from a BSA digest. These data were obtained by a comprehensive analysis of the peptide precursor charge states (z ≥ 2) from the LC-MS runs. Nearly 60 % of the unmodified tryptic peptides appear in the +2 charge state, which is undesirable for ETD fragmentation. Dimethylation of the amine groups on the peptides, the first part of our twostep labeling method, produces little change in charge states. However, amidation of the carboxyls with amine labels leads to additional basic sites on the peptides and consequently a substantial shift to higher charge states. Furthermore, the magnitude of the charge state increase follows the expected trend of the pKa or, more accurately, the gas-phase basicity (GB) of the amine label. The pyridine group has the lowest pKa and GB, and so those peptides appear predominantly in the +3 charge state. The morpholines have the next lowest GB and thus usually produce +3 and +4 peptides. The alkyl tertiary amines have quite high pKas and GBs leading to a predominance of +4 peptides. Finally, since the quaternary amine is a fixed positive charge, it gives the highest charge states, although they are not much higher than those obtained using the alkyl tertiary amines. This charge state plot clearly demonstrates that the low charge states of unmodified tryptic peptides are converted to significantly higher charge states through labeling the peptides at their carboxylic acid sites. The next section illustrates how the higher charge states obtained from modified peptides improve ETD fragmentation.
ETD Fragmentation
The MS/MS spectra in Figure 4 demonstrate a dramatic increase in ETD fragmentation for tertiary and quaternary amine modified peptides compared to the unmodified form. These ETD spectra for DAFLGSFLYEYSR were acquired using precursor ions from the most abundant charge state, +2 for the unmodified peptide and +4 for each of the modified peptides (refer to Figure 2 for the full scan MS spectra). The ETD spectrum in Figure 4 for the unmodified peptide illustrates the typical lack of fragment ions for +2 precursor ions (i.e., only 3 of the 24 possible c-and
• z-type products are observed). In contrast, the +4 precursors for the modified peptides yield all 24 possible c-and
• z-type fragments, and 
% of Precursors
Unmodified Dimethylated Pyridine Morpholines Alkyl Tertiary Quaternary Figure 3 . Charge state distributions of peptide precursors from unmodified and modified tryptic digests of BSA. The data include precursor mass values 9250m/z from a retention time window of 22-53 min and exclude +1 ions; these cutoffs were chosen to minimize the number of non-peptide precursors. The four aliphatic tertiary amine labels were averaged and plotted together because they offered very similar charge state distributions; the same was true for the two morpholine labels the m/z peaks corresponding to each fragment have substantial intensity. The higher charge state precursors of the modified peptides are able to produce fragments in somewhat higher charge states. In the examples in Figure 4 , the +4 precursors yield numerous +1 fragment ions (in fact all 24 possible ones for the C5-methylTert case), but also +2 fragments are observed for c 10 -c 12 and
• z 4 -• z 12 ions. The reason for the appearance of only these particular +2 fragments relates to the position of the tagged glutamic acid residue. The c [10] [11] [12] ions include this charge-tagged residue and have observable +2 peaks, as opposed to the c 1-9 ions, which do not have this additional tertiary/quaternary amine and, consequently, only produce +1 peaks. The same argument explains the charge states observed for the • z-type products. Even more highly charged parent ions, such as +5 precursors, produce additional +2 fragments and some +3 fragments for these modified tryptic peptides (data not shown). While the appearance of fragments in multiple charge states does lead to more complicated MS/MS spectra, the increased fragmentation from these charge-tagged peptides is very helpful for peptide identification. Furthermore, if spectral complexity becomes a limiting factor for confident identification by database searching, one could follow ETD with a proton transfer reaction to charge reduce all fragments to +1 ions [49] .
Few peaks other than the c-and
• z-type products are observed in these ETD spectra of modified peptides. There are the usual peaks due to left over precursor ions and charge-reduced precursors (shown in green in Figure 4) . The remaining peaks are all shown in black, and these correspond to neutral loss fragments of the charge-reduced precursors, which is a common occurrence during electron transfer dissociation. These modified peptides tend to give neutral losses of 15 and 17 Da, easily attributable to loss of a methyl group or ammonia, but also 44, 45, 58, and 59 Da [8, 50, 51] . Looking at the structures of the labels, one could easily imagine losing di-or tri-methylamine (45 or 59 Da), and the 44 and 58 Da losses could result from hydrogen atom transfer during the rearrangement of the radical that leads to the neutral loss. Notice that the peak intensities for the precursor and charge-reduced precursors are similar to those of the c-and
• z-type fragment ions, indicating that nearly all of the peptide ions undergo fragmentation. The fragmentation efficiency is calculated by summing all c-and • z-type product ion intensities and then dividing by the sum of all fragment and precursor ion intensities in the ETD s pec t rum [4 2] . Th e E TD ef ficien cies for t h e DAFLGSFLYEYSR peptide in its unmodified, C4Quat-modified, and C5-methylTert-modified forms are 2 %, 80 %, and 90 %, respectively. Clearly, the high charge density (or low residue/charge ratio) of the modified peptides leads to very efficient fragmentation by ETD. (One could reasonably expect a similar enhancement of fragmentation efficiency during electron capture dissociation (ECD) [52, 53] ).
Sequence Coverage
A major benefit of amidating peptides for improved ETD is that numerous additional peptides are confidently identified during database searching of LC-MS/MS data from complex mixtures of peptides. The additional identified peptides could lead to more identified proteins and/or to an increase in the sequence coverage of proteins already identified by other peptides. To illustrate an increase in sequence coverage upon amidation, Figure 5 plots the sequence coverage of BSA obtained for various labels. The initial value of 43 % coverage for unmodified BSA is reasonable for ETD-only fragmentation of a tryptic digest. (Note that higher coverage is obtained from HCD (59 %) and CID (67 %), data not shown, and this is due to the synergy between tryptic peptides and collisional dissociation methods [5, 54] . Also note that collisional dissociation of the derivatized peptide samples yields lower sequence coverage than for the unmodified peptides, data not shown, and this result is not surprising given the high charge state and low m/z values of these precursors [5] ). Figure 5 shows that dimethylation of the peptide amino groups leads to a small improvement in the ETD sequence coverage, over the 43 % for unmodified peptides. Subsequent amidation with tertiary or quaternary amines causes an additional large increase, and the ETD sequence coverage reaches about 70 % for the alkyl tertiary amines.
The differences in sequence coverage obtained from the various amidation labels are not explained simply by the change they cause to the precursor charge states. As discussed above, the increase in charge state follows the gas-phase basicity of the appended functional groups: pyridine Gmorpholine G alkyl tertiary amine G quaternary amine. The morpholine tags yield higher sequence coverage than the unmodified or dimethylated peptides but less than the alkyl tertiary amines, as expected. The pyridine tag, however, produces only 7 % coverage, far below the unmodified sample itself, despite the fact that labeling with pyridine does increase the charge states ( Figure 3) . We speculate that the pyridine functional group sequesters the transferred electron and produces uninformative side-chain fragmentation products rather than backbone cleavages, as has been observed for ETD and ECD of various peptides having heterocyclic aromatic groups [8, [55] [56] [57] . Interestingly, Turecek has found that a pyridinium group, attached to a peptide's Nterminus, served as a good functional group for improving ETD [58, 59] . While similar in structure, the pyridinium differs from the pyridine employed here in that the nitrogen atom resides on the opposite side of the aromatic ring and it is quaternary, rather than tertiary. Presumably, these differences in tag structure are responsible for the discordant results.
Also somewhat surprisingly, the C4-quat label is not quite as effective as the alkyl tertiary amines at increasing sequence coverage, even though its fixed charge generates the most highly charged peptides. We have considered three possible explanations for this behavior. First, the alkyl quaternary ammonium group may not be as efficient as the tertiary amino group for generating backbone cleavage products after electron transfer. McLuckey and coworkers have explored this in-depth and found that the trimethyl ammonium group yields a lower percentage of electron transfer products than a lysine amino group, which they attribute to a smaller recombination energy for the quaternary amine and its inability to transfer a H-atom to the peptide backbone [8] . Second, we have noticed that the chromatographic peaks of C4-quat labeled peptides are broader (data not shown), and these wider, shorter peaks are detrimental in terms of decreasing chromatographic separation and mass spectrometric sensitivity. This peak-width problem is likely inconsequential for the BSA digest sample, but it could be an issue with more complex mixtures such as whole-cell lysates. Finally, the quaternary ammonium groups impart the most hydrophilicity to the peptides, which may cause some peptides to be lost during the chromatographic trapping step. This third hypothesis was supported by the results from one LC-MS run without a trapping step; it was found that in the absence of such losses during trapping, the C4-quat labeled sample produced 70 % sequence coverage for BSA, comparable to that obtained with the alkyl tertiary amines.
The enhancement of ETD sequence coverage from amidating tryptic peptides is even more dramatic if one excludes missed cleavages by trypsin. Database searches not allowing missed cleavages yielded only 25 % sequence coverage for unmodified BSA but 54 % for the C5-isopropylTert sample. The reason for this larger effect (more than doubling the sequence coverage) is that missed cleavages for the unmodified BSA allow more peptides to surpass the +2 charge that is particularly problematic for ETD. In fact, many studies utilizing ETD fragmentation employ LysC rather than trypsin to generate longer, more highly charged peptides. While advantageous because it minimizes the quantity of +2 peptides, LysC does not have a significant effect on the residues/charge ratio that strongly affects whether dissociation happens after electron transfer [5] . Amidation of peptide carboxyl groups, however, does lower the residues/charge ratio leading to higher dissociation efficiency, while also allowing the use of trypsin, which is the least expensive, most robust, and easiest to use enzyme for digestion of proteomic samples.
Ribosomal Proteins
We applied the labeling strategy to a real-world sample of much greater complexity, namely a tryptic digest of purified yeast ribosomal proteins. Yeast ribosomes are thought to contain about 80 different proteins, and the Uniprot database that we used contained 127 protein entries from the 40S and 60S subunits because of the inclusion of numerous closely related protein isoforms. We identified 86 and 92 ribosomal proteins from individual LC-ETD-MS runs of the unmodified and the C3- Sequence Coverage (%) Figure 5 . Sequence coverage obtained by ETD for unmodified and various modified tryptic digests of BSA. As in Figure 3 , the alkyl tertiary amine (and morpholine) results were averaged and plotted together. Values are the average of at least 3 LC-MS/MS runs, and the error bars represent +/− 1 standard deviation methylTert amidated samples, respectively. These analyses resulted in greater than 90 % of the peptide spectral matches (PSMs) arising from 40S and 60S ribosomal proteins. Consequently, we chose to summarize the data for only these ribosomal proteins, rather than also including the data from the other proteins that had much lower abundance and were not the focus of the sample preparation.
As shown in Figure 6 , labeling the tryptic peptides of these ribosomal proteins leads to an increase in the number of identified proteins, peptides and PSMs. Only a small increase in the number of identified proteins was obtained after C3-methylTert labeling, but that is not surprising given the purified nature of this sample and the fact that nearly all of the expected proteins were already observed in the unmodified run. However, the amidation labeling did lead to a substantial improvement in the number of identified peptides, a 58 % increase from 389 to 613, as well as more than doubling the number of PSMs. The additional observed peptides led to a 950 % increase in sequence coverage of ribosomal proteins, which is comparable to the 63 % increase (70 % versus 43 %) observed for the BSA digest.
The additional sequence coverage afforded by labeling samples at their carboxylic acid sites with tertiary/quaternary amines will likely be beneficial for identifying PTMs and pinpointing their locations. We are currently applying this labeling approach to help to comprehensively analyze PTM changes to ribosomal proteins from yeast grown under different conditions. Maximizing sequence coverage in proteomics requires a multi-pronged approach that we believe should include ETD of amidated peptides, but also other types of fragmentation, other enzymes besides trypsin, and pre-fractionation or multidimensional chromatography.
Conclusions
The peptide derivatization strategy reported in this paper appends tertiary or quaternary amines to the peptide carboxyl groups present at the C-terminus and in aspartic and glutamic acid residues. The amidation reaction employed is not unlike carbodiimide chemistry utilized by others, but it produces nearly complete labeling of all peptide carboxyls. The labeled peptides tend to have higher signal intensities than their unlabeled counterparts, presumably because of improved chromatographic elution and/or ionization efficiency. The most important outcome of the derivatization, however, is the substantial increase in charge states for the labeled peptides and the corresponding enhancement of ETD fragmentation efficiency. The increased number of fragment ions having high signal intensity leads to additional peptide identifications during database searching of the mass spectra, and consequently more protein identifications and higher sequence coverages. Confident identification of more unique peptides will enable discovery of more protein variation in biological samples. The derivatization method is robust enough to be applied to complex proteomic samples, as demonstrated by the analysis of yeast ribosomes.
The optimal labeling reagents for amidation of tryptic peptides are those containing an alkyl tertiary amine. This functional group produced the best ETD-MS results, although alkyl quaternary amines and morpholines were only slightly poorer, and that likely has more to do with their impact on chromatography than their effect on electron transfer dissociation per se. The four alkyl tertiary amines all performed similarly for the BSA digest sample and, thus, we chose not to expend the time and money testing each of them on the more complex sample of yeast ribosomal proteins. The C3-methylTert reagent that we did employ on the ribosome sample yielded excellent results. In future work, one may wish to choose a particular alkyl tertiary amine based on whether to impart more or less hydrophilicity (e.g., C3-methylTert versus C5-isopropylTert). 
